Fullerened yads bridged with perfluorinatedl inking groups have been synthesized throughamodified arc-dischargep rocedure. The addition of Teflon inside an arc-discharger eactor leads to the formation of dyads, consistingo ft wo C 60 fullerenes bridged by CF 2 groups. The incorporationo fb ridging groups containing electronegativea toms lead to different energy levelsa nd to new features in the photoluminescence spectrum.Asuppression of the singlet oxygen photosensitization indicated that the radiative decay from singlet-to-singlet state is favoured against the intersystem crossing singlet-totriplet transition.
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Fullerened imers [1] have been synthesizedb yu tilizing various bridging groups that link the two buckyballs. Aw ide range of methods can be found in the literature, with examples including the dimerization of pristine C 60 [2] throughh igh pressure treatment, mechanochemical synthesis using KCN and K 2 CO 3 [3] or dipolar cycloaddition reactions. [4] Besides the [2+ +2] carbon linking between the two buckyballs, typical bridging groups include oxygen [5] andmethylene units, as well as photo-switchable azobenzenes. [6] Ad imerizationo fa djacent fullerenes inside carbon nanotube peapods occurs as well. Af ullerene dimerization was monitored and distinguished between formations of dyads in the first stage with small nanotubes to be formed in subsequent stages through bond fusion. [7] Fullerene dimers provide ac lass of materials for applicationsi na rtificial photosynthesis and molecular electronic devices due to their richer energy level structure compared to the single cage fullerene counterparts. [8] Despitet he number of fullerened imers presented in the literature, the synthesis of CF n -bridged dimers has not been reportedd ue to difficulties arising from the poor reactivityo ft he CÀFb ond. We achieved the synthesis of this unexpected dyad in the high-temperature plasma conditions of an arc-discharge reactor by evaporating Teflon simultaneously with graphite. We also demonstrated their reactivity with aB ingel-Hirschreaction. The fluorine addition could be beneficial in terms of optoelectronic applications since it has been demonstrated that the presenceo ft he highly electronegative fluorinea toms in conjugatedp olymers leads to high-performing materials for field-effect transistors with ab right blue photoluminescence. [9] Am odifieda rc-dischargep rocedure was used to synthesize the dyads. [10] Our initial targetw as the synthesis of perfluorinated emptyc ages and endohedralm etallofullerenes. The decomposition of Te flon close to the arc resulted in reactiveC F 2n and C 2n fragments as precursor molecules. Addition of the CF 2 unit on the fullerene cage results in perfluorinated empty cages and metallofullerenes, and surprisingly,t ot he formation of the unusual CF 2 -bridged dimers, isolated through HPLC (Figure 1 ; Figure S1 in the Supporting Information). By integrating the HPLC peaks, we calculated the followingy ields:C 60 : 72.94 %, C 70 :2 4.41 %, C 76-78 :0 .63 %, C 84 :0 .39 %, C 90 :0 .1 %, (C 60 ) 2 -(CF 2 ) 2 :0.29 %, (C 60 ) 2 -CF 2 :1.25 %. Our first analysisonelucidating the structure of the dimers was based on detailed mass spectrometry ( Figure S2 ). We observed two unique structures with an m/z = 1541 (HPLC retention time 24-26 min), and an m/z = 1491 (HPLC retentiont ime 27-29 min), while the yield of C 84 and metallofullerenes was suppressed after the addition of Te flon (Figure 1) . We assigned the two dyads as C 60 -(CF 2 ) 2 -C 60 and C 60 -CF 2 -C 60 .I nt he mass spectrum of the C 60 -CF 2 -C 60 we distinguished two fragments, the C 60 -CF 2 and C 60 at m/z = 771 and m/z = 720, respectively.T he C 60 -(CF 2 ) 2 -C 60 dimer is not subject to fragmentation. We suspect this is due to the rigid structure of its bridge consisting of two linking CF 2 groups. The m/ z = 50 difference between the dyads hints to the presence of CF 2 -groups. The presenceo ff luorine is furtherc onfirmed by NMR spectroscopy with the 19 FNMR spectra providing evidence for the presence of fluorinea toms ( Figure S3a ). The (C 60 ) 2 -CF 2 dyads show ap eak located at d = À67.04 ppm. [11] As ac omparison, the 19 FNMR spectrumo f( C 60 ) 2 -(CF 2 ) 2 presents two peaks at d = À67 ppm and À66.55 ppm, due to different environment of the fluorine atoms with respect to the carbon cage. The 13 CNMR is shown in Figure S4b . The spectrum for the (C 60 ) 2 -(CF 2 ) 2 ,d emonstrates weak signals for fullerenes p 2 carbons, seen in the expected region for aC 60 dimer, d = 140-152 ppm. [12] As ignal for an sp 3 carbon environment was also evident at 29.1 ppm. The signal for the sp 3 CF 2 carbon was not observeda si tw as obscured by residual solvent peaks. The FTIR spectra ( Figure S3c ) provide as trong indication of the presenceo fp erfluorinated groupsf rom the appearance of the very strong antisymmetric and symmetric C-F vibrationf ingerprint peaks at 1092 and 1031 cm À1 in both samples. Figure S3d-f also shows the Raman spectra of C 60 and of the two dyads revealing the presence of all eightv ibration modes. The symmetry groups representing them are given above each peak. The A g (1) represents an in and out of plane vibration and while it is quite strong in the pristine C 60 ,i tn early disappears in both dyads. The H g (8) hexagon shear mode [13] appears with increased intensity in the dimers.T he pentagonalp inch A g (2) and the pentagons hear mode, assignedt ot he isolated pentagonr ing, both remains harp and relatively strong in all samples with ab lue shift in the dyads compared to pristine fullerene, something expectedf or polymerized or functionalized C 60 .T he five-fold degenerate,H g (1) mode shifts from 33.4 meV (269 cm ). These low energy features originate from inter-ball vibrational modes.I np reviouss tudies on C 120 ,t wo peaks at 127 and 139 cm À1 wereo bserved, in relative agreement with the work herein. [13] The materials exhibit al imited reactivity with Lewis acids such as TiCl 4 ,s omething that is indicating that the oxidation potentials are expected to be close to the threshold of 0.62-0.72 Vv s. Fc/Fc + . [14] The mass spectra after the Lewis acid reactiona re shown in Figure S4 .
Since the surface functionalization of fullerenes is an ecessary step for their utilization in various applications,t he reactivity of the dimers was tested through aB ingel-Hirsch reaction. The MALDI-TOF analysis revealed the presence of mono-, bis-, tris-, tetra-, and penta-malonate adducts. All peaks were separated by m/z = 158,t he value assigned to each malonate (Figure 2) . Am ore careful analysis of the mass spectrum reveals fragments at m/z = 878 and m/z = 1036 attributable to the monoand bis-adducts of C 60 .
The cyclopropaned erivatives were isolated through HPLC ( Figure S5 ) and their UV/Vis absorption spectra are presented in Figure 3fin comparison with parent, pristine dyads. The UV/ Vis absorbance spectra( Figure 3) were recordedi nb oth toluene and CS 2 and the dyad with one CF 2 group resembles the pristine C 60 more, with very weak absorbance bands at l = 540, 605 and 688 nm. In contrast, the dimer with two bridging CF 2 groups has af eatureless spectrum withouta ny pronounced absorbance bands except as houlder at 428 nm, af ingerprint absorbance for functionalized C 60 .W et hen studied the fluorescence of the samples, since the light emitting properties of fullerenes are important for biomedical applications or even for potentialr eadout schemes of quantum information processing architectures. [15] In Figure 3a nd Figure S6 we presentt he excitation-dependent photoluminescence (PL) maps for the red region under l = 470 nm excitation and the PL spectra under 365 nm excitation. The particles as expected aggregatei ns olution, hence the data presented here are for an agglomeration of fullerenes as proven by dynamic light scattering. Dynamic light scattering measurementsi ndicated af ormation of an aggregate consisting of 8f ullerenedyads for aB ingel derivative ( Figure S7 ).
The dyads exhibit similare mission patterns with aq uantum yield (QY) of 2% for the (C 60 ) 2 -CF 2 and 14 %f or (C 60 ) 2 -(CF 2 ) 2 using pyrene as standard. These high quantum yields closely resemble carbogenic quantum dots whicha re synthesized in the range of 2-20 nm and have an emissionm aximum in the range of 430-480nmw ith an optimum excitation range of l = 320-380nm. [16] The fullereneS 1 !S 0 transition appearsa tl exc = 476 nm with l em = 709 nm, while for the pristine C 60 it is l exc = 495 nm with l em = 715 nm. This dual fluorescence is reminiscent of other ultra-small nanoscale carbonn anomaterials. The size of our materials is very close to the mean diameter of the dual fluorescent carbon dots reported by Zhou et al. [17] The second emission at 700-720 nm comesf rom the fullerene core. Methods for making carbon dots include synthesis from chemicalo xidation and ring opening of C 60 ,p yrolysis of small molecules and surfacep assivation of nano-graphite. [17] [18] [19] Chua et al. reported the formation of highly fluorescent carbon dots by fullerenef ragmentation through acid treatment andt hey called them graphene quantum dots. However,s ince fullerene containsapentagonr ing, these clusters cannotb ec onsidered as analogues of graphene. [18] The corannulene moiety with an isolated pentagonr ing surroundedw ith hexagons is the core of the fullerenea nd upon surfacef unctionalization it is fluorescent with 57 %Q Y; av alue eight times highert han of the parentc orannulene. [20] Furthermore, fluorinated conjugated systemsh ave lower HOMO-LUMO gap andb right electrogenerated chemiluminescence [9] with as eries of perfluorinated compounds behaving as n-type semiconductors with blue emissiona nd aQ Yv alue of 68 %. In general,t he electronegative fluorinated groups have been considered to lower the HOMO-LUMOl evels andt oo pen the HOMO-LUMOg ap compared to nonfluorinated polymers with similarb ackbones. [9] The dominant red emission after green excitation in pristine fullerenes arises from the five-fold-degenerate h 1u to the threefold degenerate t 1u .I no rder to clarify the presence of aggregation-dependent opticalp roperties,w er ecorded the PL spectra in different concentrations( Figure S6 ). No spectral differences where observed over ab road concentrationr ange.
An important application of fullerenes is their use as photosensitizers with regard to the very high yield of the reactive singlet oxygen state, generatedt hrough an energy transfer from their triplet state to oxygen. However,s ingleto xygen can be detrimentaltoo ther biomedical applicationsdue to its high reactivity and toxicity.T he formationo fa ni ntermediate between the photosensitizer,that is subsequently deactivated, results in ap hosphorescence at l = 1270 nm corresponding to
ecay.W er ecorded the near-infrared (NIR) emission of C 60 and the dimers in CS 2 ,s ince toluene is quenching the singlet oxygen due to formation of toluene radicals. The Bingel (C 60 ) 2 -CF 2 shows aw eak photosensitization (Figure 4) , while for the Bingel derivative of (C 60 ) 2 -(CF 2 ) 2 the singlet oxygen phosphorescence is almost completelya bsent (see Figure S8 ) followingt he same trend with the QY (Figure 4c ). Notice that for the optimum singlet oxygen generation, the l exc = 400 nm for the (C 60 ) 2 -(CF 2 ) 2 is significantly blue shifted compared to pristine C 60 (l exc = 550 nm, see Ref. [22] ). Ful- lerenes have an otoriously weak fluorescencea saresult of the intersystem crossing that leads to al ong liveda nd weak decay from T 1 to the S 0 state and as ubsequente nergy transfer to oxygen. As such, there is an unambiguousc orrelation between the increased fluorescenceq uantum yields and the singlet oxygen generation. Since this photocycle is suppressed, the predominant transition is radiative relaxationf rom S 1 to the ground S 0 and results in the high quantum yield. Similar suppression of the singlet oxygen generation has been previously observedi nf ullerenesf unctionalized with electronegative oxygen, for example C 60 O 3 ,C 60 O 4 ,C 60 O 5 [21] and dyads with pyrene. [22] In order to elucidate the differences between the photophysicalp roperties of these new dimers and conventional fullerenes, we functionalized C 60 with the same malonate unit ( Figure S9 ). The photosensitization efficiency of the malonates with two CF 2 bridging groups (Figure 4 ) was tested and compared with the behaviour of aC 60 functionalized with one malonate unit. The singlet oxygen generation is weaker in the dyads signalling aq uenching through the predominant S 0 -S 1 transition. Theoptimum is l exc = 473 nm for the Bingel (C 60 )-CF 2 with aw eaker feature at 550 nm anda t4 00 nm for the (C 60 ) 2 -(CF 2 ) 2 .F or the pristine C 60 the optimum l exc value is 550 and 600 nm, significantly red-shifted. [22] Both the pristine dyad, (C 60 )-CF 2 ,a nd the malonate (C 60 )-(CF 2 ) 2 ,e xhibit ab iexponential decay time-resolvedf luorescencew ith one long and one short lifetimec omponent (Figure 4b ). The lifetimes derived from the biexponential decays are 0.53, 2.85 ns for 420 nm, 0.73, 3.24 ns for 440 nm, 0.84, 3.58 ns;f or 460 nm, and 1, 4nsf or 480 nm.
In summary,t wo novel C 60 dyads bridged with the electronwithdrawing CF 2 group can be synthesized through an arc-discharge procedure. The structure of the dimers has been determined by 19 FNMR, 13 CNMR, mass spectrometry and Raman/ FTIR spectroscopy.H PLC analysis shows that the addition of Te flon alters the thermodynamicso ft he systems, suppressing specific classes of fullerenes and stabilizing these unusual dyads. Detailed fluorescence studies indicated the similarity of their opticalt ransitions compared to pristine and malonate C 60 , resultingi nr educed intensity of the singlet oxygen generation comparedt oc onventional fullerenes. Malonate derivatives exhibited similar optical properties albeit with am ore pronounceds inglet oxygen sensitization. These materials represent an ew class of carbon nanostructures that combine the versatile surface functionality of fullerenes with the photoluminescencep roperties of carbogenic dots.
Experimental Section
Graphite rods were vaporized in an arc-discharge reactor where Te flon tubes have been added. The arc-discharge took place under 80 mbar of constant helium flow and ad cc urrent of 500 amps. The carbon soot was Soxhlet-extracted with toluene. Bingel reaction:0 .05 mg of the (C 60 ) 2 -(CF 2 )w as dissolved in 0.1 mL of CS 2 .S olutions of 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) and diethyl bromomalonate were prepared accordingly:0 .005 mL of DBU in 4.995 mL toluene and 0.0057 mL diethyl malonate in 4.994 mL toluene. 0.005 mL of the DBU solution and 0.005 mL of the malonate solution were added to the fullerene solution. Af urther 0.01 and 0.0114 mL of the DBU and malonate solutions were added, the same after 2h,a nd 0.02 + 0.02 mL were finally added after 4.5 h. A C 60 monomer functionalized with the same malonate unit was synthesized with a1:1:1 C 60 :DBU:b romomalonate molar ratio.
